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Abstract

Radiation induced degradation in a commercial, filled silicone composite has been 

studied by SPME/GC-MS, DMA, DSC, swelling, and Multiple Quantum NMR. Analysis 

of volatile and semivolatile species indicates degradation via decomposition of the 

peroxide curing catalyst and radiation induced backbiting reactions. DMA, swelling, and 

spin-echo NMR analysis indicate a increase in crosslink density of near 100% upon 

exposure to a cumulative dose of 250 kGray. Analysis of the sol-fraction via Charlseby –

Pinner analysis indicates a ratio of chain scission to crosslinking yields of 0.38, consistent 

with the dominance of the crosslinking observed by DMA, swelling and spin-echo NMR 

and the chain scissioning reactions observed by MS analysis.  Mulitple Quantum NMR 

has revealed a bimodal distribution of residual dipolar couplings near 1 krad/sec and 5 

krad/sec in an approximately 90:10 ratio, consistent with bulk network chains and chains 

associated with the filler surface.  Upon exposure to radiation, the mean <d> for both 

domains and the width of both domains both increased. The MQ NMR analysis provided 

increase insight into the effects of ionizing radiation on the network structure of silicone 

polymers. 
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Introduction
PolyDiMethylSiloxane (PDMS) composite systems can be synthesized by the use 

of any of a large variety of synthetic pathways to produce a broad range of network 

topologies.[1, 2] When formulated with reinforcing filler phase such as silica or carbon 

black, the resulting composites have a broad range of realizable physical properties [3]. 

Unsurprisingly, a number of commercial formulations now exist tailored for use in a 

number of specific scientific and technological applications, including aerospace, 

electrical, sealant, adhesive, personal care, and medical industries.

The specific degradation pathways (crosslinking, backbiting, unzipping, etc.) 

might be expected to be similar for the dominant silicone formulations. The dominant 

aging mechanisms have recently been reviewed by Carlson, et al. [6]. Pioneering work on 

radiation effects on linear siloxanes by Charlesby and Miller that demonstrated that 

radiation exposure produced primarily crosslinking reactions proportional to cumulative 

dose [4, 5]. Further work on both soluble polymers and insoluble elastomeric networks, 

has shown that chain scission can occur, though typically to a lesser extent than 

crosslinking and that a number of volatile and semi-volatile species are released as a 

result of radiation induced chemical processes [6-11]. The presence of phenyl groups and 

filler particles have been shown to have varying effects on degradation [12-13]. 

Unfortunately, the effect of these degradation mechanisms on the network 

structure and filler reinforcement mechanisms, and the resulting mechanical properties, 

are expected to vary from formulation to formulation due to the large variability in 

network structure and filler content. A number of spectroscopic and analytical methods 

exist for assessing degradation based on signatures from the lower molecular weight 

fragments produced from the degradation or from measurement of the significant 
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speciation changes resulting from degradation. Gel-Permeation Chromatography and 

solution state NMR methods, for example, will only provide insight into the changes 

occurring in the soluable sol-fraction. FTIR and standard Magic Angle Spinning 13C, 29Si, 

or 1H NMR can provide insight into the chemical speciation changes in the bulk materials 

if they are significant enough to produce signatures in sufficient quantity. Head space 

analysis by various Mass Spectrometry based methods can provide insight into volatile or 

semi-volatile degradation by products, but provides no insight into the remaining polymer 

network topology. Unfortunately, for numerous polymer systems, including network 

silicones, there are few methodologies that allow for the direct investigation of the aging 

mechanisms and their resulting effect on the network structure, specifically the 

distributions of chain lengths. Standard mechanical property measurements provide key 

insight into the effects of degradation on the physical properties, but do not, generally, 

provide structural insight into the network structure without correlation to a chosen 

network theory model.

Recently, static 1H Mulitple Quantum NMR has shown remarkable ability to 

provide insight into the changes in network structure due to degradation.[14-16] 1H MQ 

NMR allows the quantification of the residual dipolar couplings resulting from 

incomplete averaging of the homo-nuclear dipolar couplings between protons in the 

network due to restricted, anisotropic motion locked in by the physical and chemical 

contraints (e.g. crosslinks and entanglements), as illustrated in Figure 1. The relationship 

between the residual dipolar coupling and polymer structural variables has been 

described in a number of other reports. [17-22] These studies have correlated the residual 
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dipolar couplings to the dynamic order parameter, Sb, and to the number of statistical 

segments, N, between constraints: 
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where <d>static is the dipolar coupling in the absence of motion, <P2(cos)> is the time-

averaged second order Legendre polynomial of the angle between the dipolar vector and 

the chain axis, and r is the vector describing the deviation of the end-to-end vector, R, 

from that of the unperturbed melt, Ro: r=R/Ro. Recent work by Saalwächter has shown 

that quantitative equivalence between Sb and the crosslink density can be made in certain 

cases.[22]

In this paper, we report the use of 1H MQ-NMR to assess the changes in a 

commercial silicone formulation, TR55, due to exposure to -radiation from a Co-60 

source. TR55 is composed of 70 wt. % polysiloxane gum formulation and 30 wt. % 

fumed silica filler pretreated with a proprietary silating agent. This formulation finds uses 

in the aviation and food processing industries, among others. Due to the service 

requirements in such applications, there is significant interest in understanding the 

mechanisms and effects of degradation of TR55 is hostile environments of either ionizing 

radiation or elevated temperature. The NMR data is complimented by more standard 

techniques, including DMA, DSC, GPC, and Solid-Phase MicroExtraction (SPME) 

GC/MS analysis of the headspace gasses.

Experimental
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2.1 Materials Preparation: TR-55 gum stock was obtained from Dow Corning and cured 

by mixing with DiCup40 peroxide curing agent. TR55 is known to be composed of 30 

wt% silica filler, ~70 wt. % silicone gum stock, and ~ 0.6 wt% lithium stearate 

processing aid. The silicone gum stock is approximately 97.5 wt.% PDMS, 2 wt. % 

polymethylsilane, and 0.4 wt.% polymethylvinylsiloxane. Twenty sample strips (700mm 

x 130mm x 20mm each) of TR55 were then placed into a stainless steel vessel (sealed) 

and exposed to a 1.2 MeV, 5kGray/hour, C-60 source and irradiated to 10 kGray to 250 

kGray. Four remaining samples to be analyzed in the pristine state and were set aside.

2.2 Solvent swelling: Details of the two stage solvent swelling procedure used here has 

been reported elsewhere, but is briefly repeated here [10, 11, 23]. The crosslink density in 

the bulk polymer matrix was obtained by initially submerging in 600 ml of toluene in a 

Teflon container (~ 1-3 days to reach equilibrium). The swollen weight was recorded and 

150 ml of concentrated NH4OH (~28%) was added directly to the toluene solution. The 

samples were then weighed periodically until equilibrium was reached with the 

toluene/NH4OH mixture. The additional swelling yields the contribution to the crosslink 

density of the hydrogen bonds between the silica filler and the polymer chains. The 

samples were dried overnight in a vacuum oven at ambient temperature and reweighed 

for the final dry weight. Molecular weights between crosslinks (MWi) and crosslink 

densities (i) were then calculated using the Flory and French equations [24, 25]. The 

molecular weight determined in toluene was defined as the total molecular weight 

between crosslinks, MWtotal. The molecular weight determined from swelling in the 

toluene/NH4OH mixture was defined as the molecular weight between crosslinks in the 
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polymer network, MWpoly. The difference was the defined as the contribution of the 

molecular weight due to interactions between the polymer and the filler.

MWpoly = MWtotal + MWfiller {2}

The crosslink densities, poly, total, and filler, were determined using equation (3):

i = MWmonomer/MWi {3}

2.3 DMA: DMA testing was performed (TA Instruments AR2000 Rheometer, New 

Castle, Delaware) in parallel plate geometry.  Specimens were disks approximately 2 mm 

in thickness and 8 mm in diameter.  The sample was sheared at a frequency of f = 6.3 

rad/sec.  For room temperature shear storage modulus measurements, samples were 

sheared up to 1% strain level with a static compression force of 1 N.  Isothermal cold 

crystallization experiments were performed by cooling the sample down to -85 C and 

dwelling at this temperature for 3 to 4 hours.  A static normal force of 4 N was placed 

upon the sample and shear strain was kept constant at 0.5%.

2.4 DSC:  Differential Scanning Calorimetry experiments were performed on a TA 

Instruments Q1000 DSC. Approximately 10-15 mg of sample was sealed in an aluminum 

pan and the samples were subjected to a modulated 1.5 ºC/min temperature ramp from -

160 ºC to -90 ºC with a temperature modulation of ± 0.80 ºC every 80 seconds under a 

Helium purge with a flow rate of approximately 50 mL/min.  The temperature 

modulation was then changed to ± 0.10 ºC every 80 seconds until the maximum 

temperature of -10 ºC was reached.  The temperature modulation rate was set to increase 
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the sensitivity of the instrument for measurement of the glass transition temperature and 

subsequently to increase the accuracy for the melt temperature measurement.

2.5 Solid Phase Micro Extraction (SPME) Materials: Once the appropriate radiation dose 

was achieved, the samples were removed from the vessel and 150 samples were prepared 

weighing 20-30 mg each. These samples were placed in SPME headspace vials (20mL), 

and sealed with crimp caps and septa (20mm, teflon/blue silicone, level 4) that were 

purchased from MicroLiter Analytical Supplies.  For each dose, five were left at room 

temperature, five were placed in a 70˚C oven, and five were placed in a 150˚C oven.  All 

samples remained at their designated temperatures for two weeks.  An additional set of 

blanks (sealed empty vials) was prepared for storage at room temperature, 70˚C, and 

150˚C prior to SPME sampling. The storage at elevated temperatures was performed to 

maximize the volatilization of degradation signatures for observation by SPME sampling, 

while retaining a room temperature sample and a blank to serve as controls.

Fifteen samples weighing 20-30 mg each were also prepared in glass tubes 

(180mm x 10mm), backfilled with nitrogen and flame sealed.  (A blank tube was 

prepared in the same manner for each dose.)  These samples were exposed to identical 

irradiation conditions as the samples prepared in plastic bags.  All samples and blanks 

were then left at room temperature prior to sampling with SPME.  (Additional thermal

treatments were not performed.)  In order to collect the headspace sample in-situ, the 

glass tube was placed within another custom made, baked out, glass tube with airtight 

fittings at each end.  One end contained a sharpened steel rod and the other a 20mm, 

teflon/blue level 4 septa.  By striking the steel rod, the sample glass would break allowing 
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the headspace to escape into the outer glass tube.  The SPME needle was then inserted 

into the opposite end through the septa, the fiber extended and exposed for 10 minutes.  

The fiber was then retracted, the needle removed and manually inserted into the GC for 

analysis.

Samples were analyzed by SPME GC/MS using an Agilent 6890 GC-5973 MSD 

system.  Volatile species were captured on an 85 µm Carboxen/PDMS SPME fiber 

(purchased from Supelco). Each headspace was sampled at 50˚C for 20 minutes and 

injected into the GC for one minute at 250˚C.  The fiber was conditioned between each 

sample for five minutes at 260˚C. The Agilent 6890 GC was run in splitless mode with 

the purge vent opening at 0.5 minutes.  Chromatographic separation was achieved using a 

J & W Scientific DB-624 column (30 m, 0.25 mm ID, 1.4 µm film) with a 1.0 mL/min 

constant flow of helium.  The GC oven temperature was held at 40˚C for 1.05 min. and 

then programmed to 260˚C at a rate of 23.41˚C/min, with a final hold of 6.81 min.  The

Agilent 5973 mass spectrometer scanned the mass range from 35-450 at a rate of 1.81 

scans/s with no filament delay.  Outgassing products were identified by comparison of 

their mass spectra to the NIST 02 mass spectral library.

2.6 NMR Methods: All static NMR experiments were performed on a Bruker Avance 400 

spectrometer with a 1H frequency of 400.13 MHz.  Samples with dimensions (3 mm x 3 

mm x 2 mm) were centered within the coil volume of a Bruker TBI (HCX) 5 mm probe 

with 90o pulse lengths p = 4.50 s. Traditional 1H Hahn-spin echo experiments, using the 

pulse sequence shown in Figure 2A, were performed as previously described [10, 11, 14, 

23] with recycle delay times of 6-10 s. Multiple Quantum NMR experiments were 



9/30 11/10/2008

performed as described previously by us [14-16] and by Saalwächter et al. [19-22] using 

the generic pulse sequence shown in Figure 2B to excite even-quantum coherences. 

Reference spectra, containing all excited 4n quantum orders, were collected using the DQ 

selection phase cycle without receiver alternation. All experiments were preformed by

incrementing the DQ mixing time (DQ=a()nctc) with cycle times (tc) of 180 s and the 

finite nature of the rf pulses compensated for using the scaling factor a()=1-12*(p /tc) 

rigorously derived elsewhere. [19]

Results and Discussion:

Typical SPME sampled GC/MS chromatograms are shown in Figure 3 for 

samples sampled directly after irradiation without heating and with thermal treatments at 

70 and 150 ºC. Table 1 lists the predominant species observed. Two different analysis 

methods were employed:  a so-called “in-situ” method where the offgassing species were 

preferentially observed by directly sampling the headspace after irradiation, and the 

“bulk” method where the analysis was performed directly on the irradiated material after 

removing it from its irradiation environment.  The “in-situ” chromatogram of the pristine 

sample held at room temperature displays two small peaks assigned to isopropyl alcohol 

and trimethylsilanol. Upon irradiation, these peaks grew significantly, possibly due to 

post-cure reactions and degradation of either a trimethylsilyl endcapped polymer chain or 

trimethylsilyanol groups from the silica filler.  At high dose, several additional peaks also 

appeared.  These are attributed to low molecular weight species preferentially observed 

by direct sampling (propane, isobutane, butane, and ethanol) and are likely due to 

degradation of the dicumyl peroxide curing agent and the lithium stearate processing aid 

since no propyl or aromatic groups have been observed by NMR, IR or MS analysis of 
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the uncured gum stock. An additional peak attributed to trimethylsilyl fluoride is likely 

due to a reaction of the large amount of trimethylsilanol with fluorine in the Teflon 

septum. Finally, the appearance of trimethylmethyoxysilane is likely due to a methylation 

of the trimethylsilanol, resulting in an extremely volatile offgassing species.  

Traditional SPME analysis of the bulk material (after it had been removed from 

the irradiation bags and placed in a SPME vial) revealed mostly higher molecular weight 

cyclic siloxanes.  These are likely the result of radiation induced backbiting reactions 

observed in previous studies of radiation induced degradation of siloxane polymers.[6, 

26-40] It has been postulated that recombination of the two types of polymer radicals 

>Si• and >SiCH2• can lead to three types of crosslinks [30]. No direct observation, 

however, of the any of these potential crosslink species has been obtained by NMR or IR, 

likely due to the small number of crosslinks formed. At high doses, lower molecular 

weight cyclic and linear siloxanes appeared, indicating further degradation of the 

material.  

It is interesting to note that the isopropanol and trimethyl silanol that were present 

in the “in-situ” samples were only seen in the “bulk” sample with the combined 

irradiation and heat treament, while the siloxanes were only barely observable in the “in-

situ” samples.  These drastic differences in chromatograms can mainly be attributed to 

differences in sampling procedures.  The SMPE vials with the “bulk” material were 

placed in a 50º heater for 20 minutes while the sampling was taking place, while the 

materials in the “in-situ” apparatus were sampled on the bench top at room temperature 

for 10 minutes.   An increase in SPME sampling time typically leads to an increase in 

signals for materials with longer elution times.  Further, the bulk samples were not only 
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sampled longer, but they also were sampled at elevated temperature, which would likely 

result in greater volatilization of the cyclic siloxanes.  This was confirmed in a pristine, 

in-situ sample that was held at 70ºC (data not shown here).  The combined effect of the 

sample treatment meant that the “in-situ” method was preferentially detecting signatures 

with shorter elution times, which accentuated the naturally large intensity of the volatile 

alcohols.  The “bulk” sampling method does not directly sample the headspace, so these 

species did not appear in the low-dose or low-temperature conditions.  With the 

combined radiation and thermal treatment, however, large amounts of these species were 

observed.

Results of swelling and DMA analysis are shown in Figure 4 for the pristine and 

irradiated TR55 samples. All three methods show evidence for the dominance of 

crosslinking reactions. The molecular weight between crosslinks obtained from solvent 

swelling as a function of cumulative dose is shown in Figure 4A. For all three measured 

molecular weights, polymer, polymer-filler, and total, an increase in i was observed with 

increasing cumulative dose with exposure up 250 kGray leading to an increase in the 

crosslink density of about 100%. Changes in shear modulus obtained by ambient DMA 

analysis are shown in Figure 4B and indicate that as the materials were exposed to 

increasing cumulative dose the modulus was observed to increase from 4 to 8.1 MPa – a 

100% increase consistent with the swelling results as expected from polymer network 

theory (G ~ i) [41]. 

Spin-echo decay curves for the samples exposed to radiation are shown in Figure 

5. The decay curves are characterized by a mixed Gaussian-exponential decay typical of 

elastomers above their glass transition temperature and are due to the effects of motional 
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constraints caused by physical and chemical constraints [17]. Changes in the effective 

Spin-echo, transverse 1H relaxation times (T2e) obtained simply from the point at which 

the intensity decayed to 1/e of the initial intensity are shown in Figure 5B and indicate 

that increased cumulative dose resulted in an increase in the relaxation rate (1/T2).

More accurate quantification of the residual dipolar couplings are obtained from 

fitting the decay of a echo to the equation for echo decay in the presence of anisotropic 

motion due to topological constraints, as has been shown elsewhere: [23]
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where Xi are the mole fractions of chains in each domain, the delay between the 90° 

and 180° pulses,  s is the correlation time for the motions associated with the residual 

dipolar couplings, and T2i are the transverse relaxation time in the absence of residual 

dipolar couplings (i.e. the T2 of the sol-fraction). The first term on the right side of 

equation {4} is typically assigned to the polymer chains associated with the crosslinked 

network while the domains with the long T2 are assigned to the chains associated with the 

uncrosslinked, sol-fraction.[11, 17, 23] Extraction of the mean squared average of the 

residual dipolar couplings <d>2 from fits of the spin-echo decay curves to equation {4} 

are shown in Figure 5C and show similar trends to the swelling, DMA, and simple 

analysis of the relaxation rates. From equation {1}, the change of 110 % in 1/T2 and 

<d>2 derived from the spin-echo analysis is also consistent with the changes observed in 

crosslink density.  
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As can be seen in Figure 5A, the % of the spin-echo decay curve due to the long 

relation time component (the sol-fraction) was observed to be dose dependent. The sol-

fraction, S, was determined for all samples from extrapolation to t=0 of this component. 

A plot of S + √S as a function of (Dose)-1 (so-called Charlseby-Pinner plot) is shown in 

Figure 6. The trend for the samples studied here is significantly non-linear, reflecting the

deviation of the polymer network chains from a random distribution also observed in the 

MQ-NMR, as discussed below [40]. Extrapolating the curve in Figure 6 to infinite dose, 

one obtains a ratio of Gs/Gx of ~ 0.38 ± 0.02 This ratio is similar to ratio’s obtained for 

other studies of silicone materials. [42, 47, 48]

A decrease in segmental mobility with cumulative dose revealed in the spin echo 

results should be observable by changes in the molecular mobility as measured by 

thermal analysis methods. Filled silicone composites are known to crystallize over a 

range of temperatures that depend on their network structure – including the crosslink 

density, the number and type of crosslinks, the content of phenyl siloxane monomers 

(here none as indicated by 1H MAS NMR), and the filler content and interaction with the 

polymer chains. DSC analysis of TR55 indicates a crystallization at -70 ºC on cool down 

and melts at -45 ºC on heating. DSC characterization of irradiated samples indicates a 

decrease in Tm and the heat of fusion, Hm with increasing dose, as shown in Figure 7, 

though no change in the glass transition temperature. The decrease in Tm and Hm

suggest that the PDMS chains are prevented from crystallizing, likely due to the increase 

in crosslink density reducing the segmental dynamics of the chains.  

The swelling, DMA, DSC, and spin-echo NMR data are all consistent with the 

dominance of radiative induced crosslinking mechanisms over chain scission reactions. 
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The trends with cumulative dose are nearly linear over the range of doses studied. These 

methods, however, provide only bulk average measurements with no detailed assessment 

of distributions within the network structure. To gain further insight into the changes 

between network structural motifs, we employed static 1H MQ-NMR. Growth curves for 

the TR55 samples are shown in Figure 8 and show that as the exposure increased the 

growth rate increased steadily, consistent with an increase in the average residual dipolar 

coupling with cumulative dose. The DQ build-up curves were normalized as described 

previously. [14-22] 

The dipolar couplings contributing to the normalized DQ build-up curve were

extracted within the second-moment approximation as a summation of growth curves
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where X(i) is the relative mole fraction of spins. For the samples studied here, a 

Gaussian distribution around two RDCs were assumed resulting in a growth curve 
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where d,i is the width for the distribution with mean <d>i [20]. A two site model was 

used (i.e. n=2) here. Fits of the MQ growth curves to equation {6} are also shown in 

Figures 7. Fits to one <d> using equation {5} or one distribution of <d> using 

equation {6} with N=1 did not sufficiently reproduce the growth curves. A superposition 

two Gaussian distributions of <d> were needed to obtain reasonable fits to the data.

Analysis of the MQ growth curves by regularization [data not shown], as has been done 
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previously for other silicones, produced similar distribution profiles [14,21]. The data 

could not be fit reasonably to a Gamma function distribution that would be predicted for 

a Gaussian distribution of end-to-end vectors [19]. 

The resulting distributions using the fitting parameters from equation {6} are 

shown in Figure 8. The distributions show two populations of mean <d>, centered at 

about 1 krad/sec and 3 krad/sec. The first domain assigned to network chains with a low 

crosslink density (more mobility) and the second domain is assigned to network chains 

with a higher crosslink density (less mobility). Given what we know about the network 

structure of TR55 (i.e. crosslinks are obtained only through tetra-functional sites and the 

chain lengths are relatively monodisperse), we assign this domain to network chains 

associated with the filler surface. Other studies have shown that adsorbed PDMS chains 

on silica surfaces are described by elevated <d>. [14, 15, 23, 43] 

The mean <d> for both domains and the distribution widths were observed to 

increase with increasing cumulative dose, as shown in Figure 8. The average <d> and 

d are also plotted as a function of exposure in Figure 9. The distributions show a 

general increase in <d>low and <d>high with increasing dose, consistent with the spin-

echo, DMA, and swelling data. The distributions, however, also indicate that broadening 

in the widths of the distributions at increasingly higher exposures. Broadening of chain 

length distributions with crosslinking reactions has been predicted by numerous studies 

of chain statistics in soluble linear polymers and reflects the simultaneous occurrence of 

both crosslinking and chain scissioning mechanisms.[45-46] 

Conclusions:
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We have studied the radiation induced degradation in a commercial filled silicone 

elastomer, TR55, by solvent swelling, DMA, and NMR techniques. Standard swelling, 

DMA and 1H spin-echo experiments confirmed that exposure to -radiation caused 

primarly crosslinking reactions that approximately double the crosslink density with 

exposures of 250 kGray. Unfortunately, these methods provide only a bulk measure of 

the average change in polymer chain structure. Static 1H MQ-NMR was used to obtain 

the distribution of the chain network structure and the changes that occurred due to 

exposure to radiation. The MQ-NMR results indicate that the network structure of TR55 

could be described by a Gaussian distribution of <d> for both the network chains and 

the chains associated to the filler surface. For both domains, exposure to radiation caused 

an increase in <d>, e.g. an increase in the crosslink density, and an increase in the width 

of <d>, e.g. an increase in the breadth of crosslink densities, in agreement with previous 

generic predictions of chain statistics.[45-46] Since the stress response of silicone 

networks will depend on both the average crosslink density, but also on the distribution 

of crosslink densities, the such insight can provide increased understanding of the 

mechanisms that lead to material performance changes over time.
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Tables:
Table 1: Species observed by SPME-GC/MS analysis.

Code Retention Time (min) Species
A 4.329 Isopropyl alcohol
B 5.081 Trimethylsilanol
C 5.489 Hexamethyl disiloxane
D 6.752 Hexamethyl cyclotrisiloxane
E 6.919 Trans-(2-chlorovinyl) dimethylethoxysilane
F 8.246 Octamethyl cyclotetrasiloxane
G 10.270 Dodecamethyl cyclohexasiloxane
H 11.338 Tetradecamethyl cycloheptasiloxane
I 12.563 Hexadecamethyl cyclooctasiloxane

a 2.881, 3.075, 3.270 Propane, Isobutane, Butane
b 3.438 Trimethylsilylfluoride
c 3.957 Ethanol
d 4.552 Trimethyl methyoxysilane
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Figure 1. Illustration of motional processes occurring in silicone polymers that dominate 

residual dipolar couplings between proton within methyl side groups. Rapid motion 

around C3 axis of Si-CH3 bond preaverages <d> to ~ 1/3 of <d>static of 8900 Hz (A). 

Slower, motion restricted by nearby physical and chemical constraints (enganglements 

and crosslinks) further reduces <d> to a level that is dependent on the chain length, as 

described by equation {1} (B).
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Figure 2. NMR pulse sequences used in this study. (A) Hahn Spin-echo pulse sequence; 

(B) refocused MQ-NMR pulse sequence. 

(A)

(B)
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Figure 3. Total Ion Chromatagrams from SPME-GC/MS analysis of offgassing 

signatures from TR55 samples exposed to -radiaton. Sampling protocols are described in 

the text. Species are identified in Table 1.
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Figure 4. Results of (A) solvent swelling in toluene and (B) DMA studies on TR55 

samples exposed to increasing cumulative doses of Co-60 -radiation. Details of the two 

phase solvent swelling approach are described in the text.
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Figure 5. (A) Spin-echo decay curves for TR55 silicone elastomer exposed to increasing 

doses of -radiation. Increased decay rate is indicative of dominant crosslinking reactions.

Results of deconvolution of spin-echo decay curves in Figure 5: (B) effective spin-echo 

decay time constant (1T2 = 1/time to reach 1/e of initial intensity) as a function of 

cumulative dose; (C) mean square residual dipolar coupling obtained from fitting spin-

echo decay curves in Figure 5 to equation {4} as a function of cumulative dose.
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Figure 6. Charlseby-Pinner plot of sol-fraction (as deterimined from NMR analysis) as a 
function of inverse cumulative dose. Nonlinearity indicates a non-random distribution of 
chain lengths in the network structure and extrapolation to infinite dose indicates a ratio 
of chain scission to crosslinking (Gs/Gx)of 0.38 ± 0.02.
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Figure 7: Results of DSC analysis of TR55 samples subject to exposure to g-radiation 
from a Co-60 source: (A) Heat of melting as measured at melt temperature; (B) Melt 
temperature.
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Figure 8. Normalized MQ-NMR growth curves obtained by the pulse sequence described 
in Figure 2 for TR55 silicone samples exposed to increasing doses of -radiation. Solid 
curves are fits of experimental data to two Gaussian distributions of <d> as described in 
equation {6}.  Increased growth rate is indicative of increase crosslinking due to effects 
of radiation. 
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Figure 9. Histograms of Population vs. <d> from fits of growth curves to equation {6}. 
Histograms are offset vertically for clarity and are normalized so that the total area under 
the curves are constant for all histograms.
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Figure 10: Results of deconvolution of histograms shown in Figure 9: (A) mean <d> for 
both domains as a function of cumulative dose; (B) fractional population (Xlow) in 
domain with lower <d>.

0

1000

2000

3000

4000

5000

6000

7000

0 100 200 300

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0 100 200 300

Irradiation Level (kGray)

<
d>

 (k
ra

d/
se

c)
X l

ow

Irradiation Level (kGray)


